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(Received 15 July 1992; accepted for publication 30 November 1992) Microscopic structures of light emitting porous silicon layers have been studied. The samples prepared in an aqueous HF solution by anodizing p-type silicon substrates show a strong positional dependence of photoluminescence and Raman spectra. The photoluminescence peaks are broad around 1.8 eV, where the photoluminescence intensities are comparable to that of GaAs at 5 K. We have found from Raman studies showing two characteristic peaks at 500 and 520 cm-t that microscopic structures reveal gradual changes from porous silicon to a mixture of polycrystalline and hydrogenated amorphous phases as the probing spot is moved to the edge of the sample. This is explained by the redeposition of silicon atoms on top of the porous silicon layers near the edge of the sample as a result of liquid flow caused by bubbles of hydrogen gas which was produced near the surface of the sample during the anodization process.
The visible photoluminescence (PL) of porous silicon layers (PSLs), prepared in simple hydrofluoric acid electrolytes under anodic bias, has been intensively investigated because of its potential application to optoelectronic devices. The luminescence phenomenon has been attributed to the quantum size effect in wirelike pillars1-4 or microparticles,s-7 with surface dangling bonds passivated by hydrogen atoms. The efficient luminescence was also achieved in binary amorphous silicon (a-Si) :H alloys with optical band gaps of 1.4-2.6 eV8 and even in polysilane alloys with optical gaps near 2.3 eV.9
The effects of hydrogen species on the PL intensity under various HF dissolution conditions have been studied where the intensity increases with the HF concentration," suggesting that the passivation of dangling bonds by hydrogen atoms is a key factor for the efficient PL of PSLs.
The detailed microscopic structure of PSLs is still controversial. The first-order Raman peak of crystalline silicon (c-Si) appears at 520 cm-', with a half width (FWHM) of about 3 cm-', whereas that of microcrystalline or amorphous silicon samples appears at lower energy since the phonon energy decreases due to the reduction of force constants. Raman spectra of a-Si show" a broad peak at 480 cm-t . There have been several Raman studies which show the crystalline phase of PSLs,"-I4 whereas several studies show the amorphous phase of PSLS.'~-'~ This seems to indicate that the structures of PSLs is strongly sample dependent. In fact, energies of PL and Raman peaks differ at different spots within one sample. Thus, the formation mechanism responsible for the microstructures still remains unanswered. In this letter, we will present the results of a systematic Raman study to clarify the nature of the microstructures of PSLs. ' )Department of Chemical Technology.
PSLs were formed by the anodic dissolution of borondoped p-type Si (100) substrates (resistivity of 30 R cm) in solutions of HF:ethanol ( 1: 1) . The current density and anodization time were 20 mA/cm2 and 5 min, respectively. The samples were further chemically dissolved in HF solution for 6 h.
PL and Raman spectra were taken at room temperature in backscattering and right-angle scattering configurations, using a 5145 h; line from an Ar+ laser. The laser powers used in PL and Raman measurements were 20 and 200 mW, respectively. The scattered light was spectrally analyzed with a double monochromator (Jovin-Yvon) and detected with a photomultiplier using standard photon counting electronics.
Shown in Fig. 1 is the room-temperature PL of sample 1, compared to that of GaAs taken at 5 K. The PL peak is at 1.79 eV with a half width of 0.38 eV. We note that the intensity of PL of our PSL 1 is comparable to that of GaAs at 5 K. All the samples show similar PL spectra. The typical thickness of the PSLs is estimated to be 3 pm from TEM measurements. Since the penetration depth of 5145 A light is about 0.6 pm,t8 we can assume that all the PL and Raman signals come from the PSLs. In sample 2, we observed a gradual change of PL and Raman spectra as we change the sampling spot from near the center to the edge of the sample, as shown in the inset of Fig. 2 . The energy of the PL peak decreased slightly, whereas the intensity of the PL spectra increased as the sampling spot was moved closer to the edge of the sample. The intensity of peak A, which was the farthest spot from the edge, was almost four times smaller than that of peak E, the closest spot to the edge. Figure 2 illustrates Raman spectra of sample 2. The peak position of the Raman spectrum at point A is 520 cm- ' '. One can see that the position of the Raman peak of the PSLs coincides with that of c-Si. The Raman spectrum (A) in Fig. 2 is asymmetric with an extended tail at low frequencies and with a FWHM larger by 2 cm-' than that of c-Si, implying that the microcrystalline or amorphous phase comes into play.13 The intensity of the Raman peak of the PSLs is about three times smaller than that of c-Si. Interestingly, another peak around 500 cm-' appears, as shown in Fig. 2(B) . The intensity of the new peak at 500 cm-i increases as the probing spot is moved toward the edge, as shown in Fig. 2(B) , whereas that of the peak at 520 cm-' becomes smaller and the peak finally disappears.
I-I It is noted that the FWHM of the peak at 500 cm-' is about 20 cm-', cm-'.
much larger than that of the peak at 520
In order to interpret the PL and Raman spectra, one needs to look carefully into the electrochemical process during the anodic dissolution. It has been proposed that, during the anodic dissolution, the divalent state of silicon, SiF, exists freely in aqueous solution and subsequently undergoes a disproportionation reaction, depositing silicon atoms on top of the porous silicon surface layers.14 However, the redeposition of silicon atoms near the center of the sample is hindered due to the following argument. We used a cylindrical teflon chamber with the diameter of 2 in. on the top of 5 in. silicon wafers for the anodic dissolution. The bubbles of hydrogen gas are produced on the sample surface during the dissolution process. This induces liquid flow from the center to the edge of the sample. Thus, silicon atoms are redeposited more near the edge of the sample. Two Raman peaks at different phonon energies imply that two different phases of PSLs coexist. Since silicon atoms are redeposited more near the edge of the sample, the amorphous-like peak at 500 cm-' is dominant at spots near the edge, whereas the crystal-like peak at 520 cm-', which may experience the quantum confinement effect, is dominant at spots far away from the edge.
The amorphous phase as well as the crystalline phase of PSLs are observed by simple etching of silicon substrates in HF+HNO, solution with the PL peak energy of 1.6-2.4 eV, '" where the hydrogen gas bubbles played an important role during the disproportionation reaction, as mentioned earlier. A previous Raman study on PSLsi3 showed that very asymmetric Raman peaks are observed near 508 cm-' with a half width of about -40 cm-', suggesting that microstructures of PSL are more like spheres than rods. It has been known that the Raman peak for fully hydrogenated a-Si formed by glow discharge is at 480 cm -I. However, our Raman data from the PSL 2 are somewhat different, as shown in Fig. 3 . The Raman peak (C) at 500 cm-' with a half width 20.7 cm-' is symmetric. Raman peaks for a-Si (A) prepared by glow discharge and c-Si (B), our substrate, are at 480 and 520 cm-', respectively. The microstructure of redeposited silicon during the anodization may not be pure microcrystalline phase, but rather a mixture of crystalline and hydrogenated a-Si phases. In fact, there are several reports578 that a-Si:H alloys show very efficient PL with the optical gap of 1.6-2.4 eV. We speculate that the PL near the edge of the sample originates from both rodlike structures, mentioned below, and the mixture redeposited on top of them. As a result, the intensity of the PL spectra at spot E is four times larger compared to that at spot A, far from the edge of the sample.
A sharp Raman peak is observed at 520 cm-' near spot A, implying that the microstructure near the spot is crystal-like. The difference of the peak position from that of c-Si is negligible. One may imagine that the structure is "rodlike" along (100) direction, since no shift has been observed in the energy of the longitudinal optical (LO) phonon along that direction. We carried out Raman measurements in the right angle scattering geometry, where the laser beam was incident normal to the surface of the PSLs and the scattered light was collected from the side of the sample. No discernible splitting of LO and transverse optical (TO) phonon peaks was observed. This suggests that the average diameter of rodlike structures is larger than 30 A, which is the maximum size for TO and LO phonons to be separable, estimated from the phonon dispersion relation of c-Si. We also carried out PL measurements in the right angle scattering geometry. The energy of the PL peak was shifted down by about 100 meV from that obtained in the backscattering geometry. We speculate that this is due to the polarization dependence of the relative recombination probabilities of electrons with heavy hole-like states and with light hole-like states. We may further suggest that these microstructures are surrounded by hydrogen atoms, which was supported from our tight binding molecular dynamics calculation. lg In summary, very efficient PL was observed from PSLs formed by the anodic dissolution in aqueous HF solution. The hydrogen gas bubbles, produced by the disproportionation reaction during the anodization, induced the strong nonuniformity near the edge of the sample. Redeposition of the silicon atoms on top of the PSLs occurs during the anodic dissolution. The PL and Raman studies suggest that the structure of the redeposited silicon is a mixture of polycrystalline and hydrogenated amorphous phases, whereas the porous silicon layer has rodlike microstructures with its radial size greater than 30 A. This work was supported by the Korea Science and Engineering Foundation through the Semiconductor Physics Research Center.
